Cytokinesis is a temporally and spatially regulated process through which the cellular constituents of the mother cell are partitioned into two daughter cells, permitting an increase in cell number. When cytokinesis occurs in a polarized cell it can create daughters with distinct fates. In eukaryotes, cytokinesis is carried out by the coordinated action of a cortical actomyosin contractile ring and targeted membrane deposition. Recent use of model organisms with facile genetics and improved lightmicroscopy methods has led to the identification and functional characterization of many proteins involved in cytokinesis. To date, this analysis indicates that some of the basic components involved in cytokinesis are conserved from yeast to humans, although their organization into functional machinery that drives cytokinesis and the associated regulatory mechanisms bear species-specific features. Here, we briefly review the current status of knowledge of cytokinesis in the budding yeast Saccharomyces cerevisiae, the fission yeast Schizosaccharomyces pombe and animal cells, in an attempt to highlight both the common and the unique features. Although these organisms diverged from a common ancestor about a billion years ago, there are eukaryotes that are far more divergent. To evaluate the overall evolutionary conservation of cytokinesis, it will be necessary to include representatives of these divergent branches. Nevertheless, the three species discussed here provide substantial mechanistic diversity.
Introduction
There are significant differences in the structural organization of budding yeast, fission yeast and animal cells that impinge on cytokinesis. For example, both types of yeast have cell walls that allow them to grow in a variety of osmotic conditions. This osmotic barrier must be conserved during cytokinesis. These organisms consequently build a septum of cell wall material in addition to a contractile ring. Septum formation is preceded by formation of the actomyosin ring, but these two structures function in a coordinated manner. One other major difference is that the nuclear envelope does not break down during mitosis of either yeast, whereas in animal cells, the nuclear envelope breaks down, at least partially. As a consequence, in animal cells, the antiparallel microtubules that form the central spindle functionally interact with the cell cortex, but in yeast, these structures, though present in an analogous form, are compartmentalized away from the cortex by the nuclear envelope.
The persistent nuclear envelope dictates that budding yeast cells have spindle pole bodies (SPBs) that are embedded in the nuclear envelope and nucleate assembly of cytoplasmic and nuclear microtubules. In fission yeast cells, microtubules emanate from both SPBs and perinuclear microtubule organizing centers (MTOCs). Animal cells have centrosomes or MTOCs that are peripherally associated with the nucleus. Breakdown of the nuclear envelope allows centrosome-nucleated microtubules access to the chromosomes. These differences in the structural organization of these cells are reflected in the strategies that they use to complete cell division (Figure 1 ).
Division Site Selection
The temporal and spatial regulation of division plane positioning is divergent in budding yeast, fission yeast, and animal cells. In budding yeast, the division plane is determined in late G1 and reflects the position of the prior division site. In fission yeast, the division site is determined in G2 and reflects the position of the interphase nucleus. In animal cells, the division plane is determined during anaphase in a position that reflects the position of the spindle. In each case, mechanisms are in place to ensure that the daughter nuclei end up on either side of the division plane. Although there is incontrovertible evidence that RhoA activation is a critical step during cytokinesis, RhoA may not be the ultimate key to furrow positioning. In cells in which RhoA is inhibited, or in which actin polymerization is blocked by drugs, events that reflect cytokinesis can still be detected [43-45]. Thus the signaling process from the spindle could act upstream of both RhoA-regulated furrow formation and membrane insertion events. Alternatively, these distinct events could be regulated in parallel.
Fission Yeast

Summary
The mechanisms for cleavage site determination are highly species-specific. Each of the cell types considered here uses a distinct structure (bud-site landmarks, nucleus, spindle) to define the division plane and does so at a distinct phase of the cell cycle (late G1, late G2, anaphase). That being the case, some molecular analogies can be drawn. [60] .
Although the actomyosin ring is clearly involved in cytokinesis, it is not strictly essential in budding yeast. an actomyosin ring appears to be elaborated from this structure. Mutations that cause disassembly of the myosin II spot prevent actomyosin ring assembly, and components of the spot, such as Rlc1p, undergo minimal turnover [68] . Thus, it appears that the 'spot' is a precursor important for actomyosin ring assembly and might impart a structure that expedites actomyosin ring assembly during mitosis.
The PCH protein Cdc15p and the formin Cdc12p physically interact and also recruit other proteins, such as profilin, the Arp2/3 complex, type I myosin, Myo1p and the WASP-related protein Wsp1p, to induce actin polymerization at the actomyosin ring, thereby contributing to ring assembly [70] . Formins and the Arp2/3 complex both have actin-nucleating activity [72] . Interestingly, actin and myosin at the cell division site undergo dramatic turnover, although the function of this turnover is unclear [68, 73] .
Strains The degree of structural organization of the cleavage furrow is somewhat dependent on cell type. The initial evidence for a ring with contractile activity arose from electron microscopy studies in marine invertebrate embryos and was rapidly extended to mammalian cells [90] . In some cultured cells, actin filaments are only highly aligned in the ventral, attached surface of the cell, presumably as a result of its adherence to the substrate. On the dorsal surface, the filaments show only a slight degree of alignment, yet it is this surface that initially deforms during cytokinesis [91] . Thus, a subtle bias in filament alignment is sufficient for formation of an ingressing cleavage furrow.
One critical feature of the contractile ring is that it is a dynamic structure. As the ring contracts, it coordinately disassembles, so that the density of actin in the furrow remains roughly the same. One factor that is critical for this regulation is the actin-severing protein ADF/cofilin: involvement of this protein in cytokinesis is supported by its localization to the cleavage furrow, and by loss-of-function studies in Drosophila and C. elegans [92, 93] .
Although the contractile ring provides the force that deforms the plasma membrane, completion of cytokinesis requires another large cytoskeletal assembly, the central spindle. The central spindle consists of antiparallel microtubule bundles with overlapping plus ends. Formation of this structure requires the centralspindlin complex and the microtubule associated proteins Prc1 and MAST/Orbit. The centralspindlin complex has in vitro microtubule bundling activity and consists of a tetrameric complex containing a MKLP1 subfamily kinesin and the RhoGAP CYK-4 [94] . Prc1 also has microtubule bundling activity [35] . Central spindle organization is controlled by phosphorylation: polo kinase, the aurora B kinase complex, and the proline-directed phosphatase Cdc-14 are all involved in formation of the central spindle (see [95] for review). A second MKLP family member, MKLP2, is required for localization of the Polo-like kinase Plk1. MKLP2 and a third MKLP family member, MPP1, are required for cytokinesis [96, 97] .
During cytokinesis, the central spindle becomes progressively compacted by the ingressing cleavage furrow to form the midbody. The high degree of compaction suggests a direct physical interaction between these structures. Possible mediators of this interaction include RhoA and its regulators, the GAP CYK-4 and GEF ECT2/Pebble, which have been shown biochemically to interact [98] . The midbody probably also serves as a scaffold for the final step in cytokinesis, abscission, when the plasma membrane resolves into two separate membranes. has been sorted into different order. This probably reflects the need of the actomyosin ring to coordinate with some species-specific features, such as cleavagesite determination mechanisms and some elements of the membrane or septum formation machinery.
Membrane Deposition and Division Septum Assembly
Membrane remodeling is inherent to the process of cell division. The single plasma membrane that surrounds the mother cell must be subdivided into two separable domains at the end of cytokinesis. In addition, under most conditions, new membrane is generated to accommodate the increased surface area of the two daughter cells. The added membrane comes from intracellular stores of Golgi membranes. In both yeasts, the bulk of additional surface area is added during interphase. During cytokinesis, only the relatively narrow membrane and cell wall material that divides the cell must be added. Animal cells, however, lack cell walls and are rather spherical during metaphase, and this geometry imposes a requirement for membrane addition or redistribution during cytokinesis. Finally, Mlc1p and Iqg1p must also play a role in septum formation, which presumably requires targeted secretion. Mlc1p interacts with Myo2p, but this interaction appears dispensable for cytokinesis [103] . Iqg1p also co-immunoprecipitates with Sec3p, a component of the exocyst [104] , but the significance of this interaction in cytokinesis is not clear. But despite all this circumstantial evidence, it is not known how the secretory apparatus is targeted to the bud neck, nor how the actomyosin ring is coupled to targeted membrane deposition.
Budding Yeast
The major role of targeted membrane deposition in budding yeast is to deliver the integral membrane proteins that mediate septum formation. Chs2p, the catalytic subunit of chitin synthase II, localizes to the bud neck in late anaphase [ There is evidence for interplay between the actomyosin ring and the deposition of septum material. Contraction of the actomyosin ring guides membrane deposition so that the septum forms efficiently at the correct location. Conversely, septum deposition modulates the contractility of the actomyosin ring [49] . But the molecular mechanisms that mediate this coordination are still obscure. [111] [112] [113] . Secretion to the division site region, as assayed by the localization of Cps1p (an integral membrane protein essential for cell wall assembly) and membrane sterols, is relatively independent of F-actin, though F-actin is required for these components to be maintained in a ring [111] .
Fission Yeast In fission yeast, secretion of new membranes and assembly of the division septum occur in concert with constriction of the actomyosin ring. Septum deposition directly regulates actomyosin ring constriction, as this constriction is blocked by vesicle transport inhibitor brefeldin A or mutations in enzymes important for cell wall synthesis [110,111]. Unlike in metazoans, in fission yeast cells microtubules appear to be dispensable for assembly of new membranes and the division septum
Components important for membrane assembly and cell wall synthesis have been identified by forward and reverse genetics. Thus far, there is evidence that proteins involved in exocytosis, such as exocyst components, syntaxin-related proteins and Rab GTPases, and proteins important for cell wall assembly, such as Mok1p and Cps1p (1,3-α α-glucan synthase and 1,3-β β-glucan synthase, respectively), participate in cytokinesis [110, [114] [115] [116] [117] [118] . In addition, membrane sterols have also been detected at the division site, where they might participate in actomyosin ring anchoring or regulate membrane delivery and cell wall assembly [119] . Future studies should address how membrane and cell wall assembly are coupled with actomyosin ring constriction.
Metazoans
In an animal cell, membrane insertion during cytokinesis is mostly confined to a region behind the leading edge of the cleavage furrow. Delivery of these membranes can be facilitated by structures such as the furrow microtubule array, an array of microtubules that points toward the cleavage furrow in large amphibian embryos [120] . In most cases of intercellular membrane transport, specificity of the vesicle populations and target location is mediated by v-and t-SNAREs or syntaxins. Two syntaxins have been implicated in cytokinesis. A syntaxin involved in delivery of vesicles to the plasma membrane is required for cellularization in Drosophila and conventional cytokinesis in a number of organisms [121] [122] [123] . This protein concentrates in the ingressing cleavage furrow.
There is additional evidence that cytokinesis involves other components of the membrane transport machinery, including Rab GTPases [124] . Recently, a second syntaxin, syntaxin 2, has been implicated in cytokinesis. This t-SNARE, and its cognate v-SNARE endobrevin, concentrates at the midbody and dominant-negative mutant forms of syntaxin 2 induce late defects in cytokinesis [125] . This suggests that there are at least two classes of membrane transport events during cytokinesis. In addition, a spectrin family member, Syne1, associates with kinesin II and syntaxins, localizes to punctate structures and concentrates in the central spindle [126] . Syne1 may participate in the delivery of vesicles for cytokinesis.
In C. elegans, there is evidence that secretion of the proteoglycan chondroitin sulfate is required for cytokinesis, a function reminiscent of cell wall secretion in yeast [127, 128] . This matrix component may function to isolate individual cells during and after division. Alternatively, this matrix component could stabilize the osmotic environment of the embryo.
Summary
Targeted secretion occurs during cytokinesis in all three systems. In yeasts, this process is crucial for the delivery of enzymes that produce the cell wall material in the septum. In animal cells, it may be used to deliver membranes that allow for expansion of the surface area. In all cells, there is ultimately a requirement for resolution of the single plasma membrane into two separate membranes, but the machinery responsible is not yet well defined.
Coordination of Cytokinesis with the Nuclear Cycle
The process of cytokinesis is regulated in such a way that constriction of the actomyosin ring and delivery of new membranes and/or cell wall materials are initiated only after chromosome segregation. Not surprisingly, cytokinesis is tightly regulated in a cell-cycledependent manner. In budding and fission yeasts, assembly of an actomyosin ring is dependent on entry into mitosis and its constriction is dependent on proteolysis of cyclin B. In animal cells, actomyosin ring assembly generally does not commence until anaphase onset. Regulation of cytokinesis by the APC/C may reflect this ubiquitin ligase's role in triggering cyclin degradation. In many systems, non-degradable cyclins inhibit cytokinesis [149, 150] . In a sea urchin embryo, however, the block induced by non-degradable cyclins can be overcome by micromanipulating the spindle into the immediate vicinity of the cell cortex [151] , so the block may not be absolute. A second proteolysis step may also be required to terminate the C-phase, as proteasome inhibitors extend C-phase [152] .
Budding Yeast
One intriguing aspect of cytokinesis in animal cells is that furrow formation occurs only once per cell cycle upon anaphase onset. In other words, cytokinesis occurs during the transition from mitosis to interphase. There are several factors required for cytokinesis that are known to be inhibited during metaphase, and this could explain why cytokinesis begins after anaphase onset. For example, the light 
Concluding Remarks
